view, see Ref. 11) . The identification of the peroxisome proliferator activated receptor (PPAR) (12) , which is activated by various peroxisome proliferators, was shown to mediate activation of transcription of several genes encoding peroxisomal and mitochondrial ␤-oxidation enzymes, as well as cytosolic and endoplasmic reticulum proteins (13) (14) (15) (16) (17) (18) . The PPAR␣ heterodimerizes with the retinoid X receptor and binds to peroxisome proliferator response elements (PPREs) in the promotor region of target genes (19) . The important role of the PPAR␣ in lipid metabolism was demonstrated by targeted disruption of the gene (20) . The PPAR␣-null mice do not respond to peroxisome proliferators with the usual parameters of hepatomegaly, peroxisome proliferation, hepatocarcinogenesis, and induction of lipid metabolizing enzymes. Free fatty acids are proposed to be the physiological activators of the PPAR␣, as they have been shown to bind to and activate transcription via the PPAR␣ (21) (22) (23) . Based on this we hypothesized that enzymes affecting acyl-CoA/free fatty acid levels may regulate lipid metabolism as well as several other cellular functions at the substrate and gene transcription levels. Accordingly, we describe the cloning of four acyl-CoA thioesterase genes, which catalyze the hydrolysis of acyl CoAs to free fatty acids and CoA and which therefore could be involved in regulation of acyl-CoA/free fatty acid levels in vivo. Two of these genes encode CTE-I and MTE-I, with two further genes encoding putative peroxisomal thioesterases (PTE-Ia and PTE-Ib), forming a novel family of highly conserved genes localized in a cluster on mouse chromosome 12. The expression of the genes shows a remarkable pattern of tissue specificity, and all are highly regulated by feeding peroxisome proliferators and by fasting, strongly connecting them to lipid metabolism.
MATERIALS AND METHODS

Animals and Treatments
Adult male C57 BL/6 mice, obtained from B & K, Sollentuna, Sweden, or F4 C57BL/6N (produced on an Sv/129 background as described; Ref. 20) were used throughout this study. Mice were maintained on a standard chow diet (R36, Lactamin, Vadstena, Sweden) before commencement of the treatments, where mice were fed a diet containing 0.5% clofibrate or were fasted for 24 h as indicated in the figure legends. Alternatively mice were fasted for 24 h and refed a 0.5% clofibratecontaining diet for the time points indicated. All mice had access to water ad libitum. The animals were euthanized by CO 2 treatment, followed by cervical dislocation, and weighed immediately. The various tissues were then excised and frozen in liquid nitrogen. Tissue samples were stored at Ϫ70°C until further analysis.
Northern Blot Analysis
Total RNA was isolated from mouse tissue samples using either QuickPrep R total RNA extraction kit (Amersham Pharmacia Biotech) or Ultraspec RNA kit (Biotecx Laboratories Inc.). Total RNA (either 10 or 20 g as outlined in figure legends) was denatured in formaldehyde/ formamide and electrophoresed on 1% agarose gels containing ethidium bromide. The RNA was transferred to Hybond-N nylon membranes (Amersham Pharmacia Biotech) by capillary action using Northern blotting technique. A full-length cDNA probe for mouse CTE-I was prepared as described (9) . An MTE-I probe corresponding to the mitochondrial leader peptide of the rat MTE-I cDNA sequence (8) was prepared by restriction enzyme digestion of the full-length cDNA for MTE-I. cDNA probes were prepared for PTE-Ia (a 646-bp fragment corresponding to an area in the 3Ј-untranslated region) and PTE-Ib (a 548-bp fragment corresponding to amino acids 212-393 of the open reading frame) by PCR amplification. A probe for ␤-actin was also used. All probes were labeled with [␣- 32 P]dCTP (NEN Life Science Products, Belgium) by random priming (Oligolabeling Kit, Amersham Pharmacia Biotech). Nylon membranes were pre-hybridized for 1 h at 65°C in a solution of 50 mM Pipes, 100 mM NaCl, 50 mM sodium dihydrogen phosphate, 1 mM EDTA, and 5% SDS at pH 6.8, together with 100 g salmon sperm DNA (Sigma) and further hybridized overnight at 65°C with the specific ␣-32 P-labeled cDNA probe. Following hybridization, the filters were washed at 65°C in 1ϫ SSC, 5% SDS and further in decreasing concentrations of SSC/SDS solutions and were subsequently exposed to x-ray film (CEA RP medical x-ray screen film). The filters were stripped in boiling 0.5% SDS solution and re-probed as above.
cDNA Identification
The cDNA corresponding to the mouse cytosolic acyl-CoA thioesterase (mCTE-I) was recently reported (9) . Searches in the mouse EST data base using this sequence as a query revealed other ESTs (expressed sequence tags) of high similarity. The corresponding clones were obtained from the United Kingdom Human Genome Mapping Project (HGMP) Resource Center (Hinxton, Cambridge, United Kingdom) and were completely sequenced. None of the clones contained an entire open reading frame. Two of the cDNAs (GenBank accession nos. AA571285 and AA575425) were assumed to encode peroxisomal isoforms (based on the presence of putative peroxisomal targeting signals in the COOH-terminal ends) and cDNA probes were prepared for the screening of the genes as described below. The sequence of one cDNA (GenBank accession no. AA268889) contained a PTS2-like sequence in the amino-terminal end but also contained several stop codons, which would result in a substantially truncated protein, and was therefore not further characterized.
Cloning of the Acyl-CoA Thioesterase Genes
CTE-I Gene-Approximately 2 ϫ 10 6 plaques of a mouse genomic -Zap library (Stratagene) were screened with a cDNA probe containing about 2/3 (3Ј) of the cDNA sequence of mouse CTE-I. Two hundred and eight positive clones were isolated, of which 30 were rescreened twice, with 90% of the clones remaining positive after the three rounds of screening. Two clones were partially sequenced and identified to contain the CTE-I gene, and one exon/intron boundary was sequenced. Primers were generated for PCR-based screening of mouse P1 clones (ES 129 strain) which was carried out by Genome Systems Inc. (St. Louis, MO). One PCR primer was selected in the first exon (5Ј-GGTC-GAGATGGAGGCGACGCT-3Ј) and the other primer selected in the first intron (5Ј-AGCGTCGCCTCCATCTCGACC-3Ј). This screening resulted in one positive clone, which contained the entire open reading frame of CTE-I, and this clone was used to sequence the entire gene.
MTE-I Gene-A "mini-library" was prepared by pooling all 208 positive clones isolated from the first screening with the partial CTE-I cDNA probe, as described above. This mini-library was screened for MTE-I genomic clones using an MTE-I cDNA probe corresponding to the amino-terminal mitochondrial signal sequence. Nine positive clones were isolated and rescreened, and one clone was completely sequenced and found to contain the entire gene.
PTE-I Genes-PTE-I cDNA probes were prepared and used to rescreen the mini-library as described above. Eight positive clones were isolated for both PTE-Ia and PTE-Ib, all of which were rescreened twice. One genomic clone was sequenced for each PTE-I gene, which in each case contained the entire open reading frame.
All sequence reactions were carried out using the ABI Prism dye terminator ready-reaction kit (Perkin-Elmer Applied Biosystems) or Big-Dye Prime kit (Perkin-Elmer Applied Biosystems) at Cybergene AB (Huddinge, Sweden) in an ABI 373A DNA Sequencer (Perkin-Elmer). Sequence analysis was performed using the LaserGene software package (DNAStar), Clustal X, and the Phylip package.
Southern Blot Analysis
Restriction enzyme digestions were carried out on approximately 10 g of mouse genomic DNA (NIH Swiss Strain, Promega Corp.) or 1 g of Pl-phage DNA (containing the CTE-I gene) with EcoRI or XhoI and BglI, respectively, as indicated in figure legends. The digested DNA was electrophoresed in 0.7% and 1% agarose gels, respectively, and transferred to nylon membranes by capillary transfer. The membranes were probed with ␣-32 P-labeled DNA probes to CTE-I (a specific probe of 307 bp prepared 5Ј of the ATG start site, corresponding to Ϫ34 to Ϫ340 of the promotor region), and probes for MTE-I and PTE-Ia and Ib as described above.
Cloning of the Promotor Region of CTE-I
Approximately 2.4 kb of the 5Ј-flanking region of CTE-I was sequenced in both sense and antisense directions. Oligonucleotides were designed for PCR amplification of a fragment of the promotor region of CTE-I based on the sequences corresponding to an area 57 bp 3Ј of the ATG start site (5Ј-AGGCTTCAGCGGTTCGTCCCAGCAG-3Ј) and 2,378 bp 5Ј of the ATG start site (5Ј-AGGCTTTGTGGAGAGCAGGG-GTTTG-3Ј), with the addition of HindIII restriction enzyme sites (indicated in bold). PCR was carried out using GeneAmp XL-PCR kit (Perkin-Elmer) in an Eppendorf DNA thermal cycler at 94°C for 10 min, followed by 35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 4 min, followed by 72°C for 10 min, using the P1 phage DNA as a template. The PCR product was cloned into the pCR-Script AMP (SKϩ) vector (Stratagene) and further cloned into the promotorless pGL3 Basic luciferase vector (Promega Corp.) and subsequently partially sequenced to confirm cloning in the correct orientation.
Functionality of CTE-I Promotor in HepG2 Cells
HepG2 cells were routinely subcultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Life Technologies, Inc.), 1% nonessential amino acids (Sigma), 2 mM glutamine (Life Technologies, Inc.), penicillin/streptomycin/gentamycin (Life Technologies, Inc.) at 37°C in an atmosphere of 5% CO 2 . The day before transfection, the cells were plated out in 60-mm culture dishes and grown to approximately 80% confluence. Cells were transfected using Tfx-50 (Promega Corp.) with 4 g of CTE-I promotor in pGL3 Basic luciferase reporter plasmid or empty pGL3 Basic luciferase reporter plasmid as a negative control. Transfections were carried out in duplicate and were repeated three times. After 48 h, cells were harvested for assay of luciferase activity using luciferase reporter gene assay (Promega Corp.).
RESULTS
Gene Cloning and Analysis-Approximately 2 ϫ 10 6 plaques of a mouse genomic -phage library were first screened with a cDNA probe corresponding to the most 3Ј 2/3 of the complete CTE-I cDNA sequence. The screening resulted in 208 positive plaques, of which 30 were rescreened. The high number of positive clones obtained from the screening was surprising, and, following rescreening with probes corresponding to other fragments of the CTE-I cDNA, about 90% of the plaques still remained positive. The large number of positive clones isolated during the initial screening of the -phage genomic library suggested the existence of several homologous genes. Northern blot analysis of mouse liver RNA, using the full-length CTE-I cDNA probe, identified only one transcript corresponding to CTE-I in untreated animals (Fig. 1A) . Feeding mice clofibrate or fasting mice for 24 h induced the level of the CTE-I transcript as well as a second mRNA transcript corresponding to MTE-I. This transcript was confirmed to be MTE-I using a probe corresponding to the mitochondrial leader peptide, which hybridized to the upper RNA transcript (Fig. 1B) . Mice fasted for 24 h, followed by refeeding a clofibrate-containing diet, showed further induction of these two mRNA transcripts. In addition, the CTE-I probe also hybridized to transcripts of larger sizes (indicated by arrows in Fig. 1A ) corresponding to related genes, thus indicating that several homologous genes are expressed.
Two positive clones from the mouse genomic -phage library were amplified and sequenced and were found to be homologous to the CTE-I cDNA. One exon/intron boundary was sequenced, and primers were designed for PCR-based screening of CTE-I positive P1 clones. One P1 clone was obtained, which was sequenced and found to contain the entire CTE-I gene. It was feasible that clones isolated during the screening for CTE-I also contained the gene for MTE-I and other related thioesterase genes. The 208 positive clones from the first round of the CTE-I screening were pooled into a mini-library, enriched in type I genomic clones. This mini-library was then rescreened with an MTE-I cDNA probe, which resulted in the isolation of one clone found to contain the entire MTE-I gene, based on the recently published rat MTE-I cDNA (8) .
During cloning of the CTE-I and MTE-I genes, several homologous cDNA sequences appeared in the EST data base. Four of these EST clones were obtained from United Kingdom HGMP Resource Center and sequenced completely. Two of these clones apparently encoded novel type I-related thioesterases, but neither contained the entire open reading frames. One EST clone was found to contain approximately 72% of the open reading frame of a novel type I thioesterase. The second EST clone contained only 100 bp of the open reading frame, and a PCR reaction using an upstream primer located in the most conserved region of the first exon resulted in a product of approximately 900 bp, which covered 71% of the open reading frame of a second novel type I thioesterase. The two novel cDNAs apparently encoded peroxisomal isoenzymes (PTE-I), based on the presence of putative peroxisomal targeting signals (PTS, variants of the -SKL consensus sequence). As the PTE-I cDNAs also showed a striking sequence similarity in the region of the first exon to the CTE-I and MTE-I genes, it was speculated that the mini-library described above also contained the PTE-I genes. PTE-I cDNA probes were prepared and used to rescreen the mini-library, with one clone for each gene extensively sequenced and found to contain the entire open reading frames of PTE-Ia and PTE-Ib.
Alignment of the deduced amino acid sequences showed a striking conservation between the various acyl-CoA thioesterases (Fig. 2) . The gene corresponding to CTE-I encodes a protein of 419 amino acids as deduced from the cDNA sequences of rat and mouse. The open reading frame for MTE-I encodes a protein of 454 amino acids including an amino-terminal sequence of 42 amino acids, which encodes the mitochondrial leader peptide. The predicted processing peptidase cleavage site is between threonine 42 (which is preceded by an arginine) and asparagine 43. The MTE-I sequence is 7 amino acids shorter in the carboxyl-terminal end, ending in -SKS, resulting in a mature protein of 412 amino acids.
The sequence of PTE-Ia extends 11 amino acids in the aminoterminal end, starting at an in-frame ATG. The genomic sequence contains an in-frame stop codon 57 bp upstream of this methionine, thereby identifying the correct start site of the coding sequence. This gene is proposed to encode a peroxisomal protein of 432 amino acids since the deduced amino acid sequence ends in -AKL, which conforms to the consensus (-SKL) for the conserved peroxisomal type 1 targeting signal (PTS1). A, Northern blot analysis using a full-length cDNA probe for CTE-I detected transcripts for both CTE-I and MTE-I. Fasting followed by refeeding a clofibrate-containing diet induced several related mRNA transcripts indicated by arrows. H, hours. B, Northern blot analysis using a full-length cDNA probe for CTE-I hybridized to two transcripts of 1.8 and 2.6 kb. The blot was stripped and reprobed with a probe corresponding to the mitochondrial targeting signal of MTE-I, which hybridized only to the upper band of 2.6 kb.
The fourth gene encodes a protein of 421 amino acids, two amino acids longer than the cytosolic isoenzyme. The deduced amino acid sequence ends in -CRL, which also conforms to the conserved PTS1; thus, the product of the PTE-Ib gene is also likely to be targeted to peroxisomes. The sequence alignment showed a high degree of similarity between the four gene products, especially within approximately the first 200 amino acids. The overall sequence identities to CTE-I were 94% for MTE-I, 78% for PTE-Ia, and 67% for PTE-Ib (Table I) . Comparison of the sequence similarity within the different exons showed that the first exon (ending at position 152 of CTE-I, Fig. 2 ) is highly conserved between all genes (89 -92%). Exon II (position 153-220 of CTE-I, Fig. 2 ) is highly conserved between CTE-I and MTE-I (97% sequence identity) while the PTE genes were less conserved in this exon (82% and 65%, respectively). The third exon showed the lowest degree of sequence conservation, with the sequence identities varying from 92% for MTE-I down to 41% for PTE-Ib. However, the active site serine (within a Gly-X-Ser-X-Gly motif), histidine, and aspartic acid residues of the catalytic triad are conserved within the third exon (located at positions 232, 358, and 324 relative to CTE-I, as indicated in Fig. 2) .
Gene Organization-The open reading frames of all four mouse type I thioesterase genes are encoded by three exons spaced by two introns, and exon/intron boundaries were found at identical positions in all genes, with 5Ј splice donor sites and 3Ј splice acceptor sites conforming to the general consensus sequences (Fig. 3A) . The sizes of the mouse gene introns were determined by PCR using specific primers in each exon to amplify the intron. The intron sizes ranged from about 1.2 kb to 4.5 kb, resulting in overall sizes of about 5.5 kb (PTE-Ia and -b) to about 8.5 kb (CTE-I) for the various genes. A schematic representation of the overall gene structures is shown in Fig.  3B . The first exons of CTE-I and PTE-Ib were very similar, with the start methionine located at identical positions. PTE-Ia extended 11 amino acids in the amino terminus, while the first exon of the gene encoding MTE-I contained a 42-amino acid mitochondrial leader peptide in accordance with previous results from cDNA cloning, functional expression, and mitochondrial targeting in CHO cells (8) .
Tissue Expression and Regulation of the Various Type I AcylCoA Thioesterase Genes by Clofibrate-Northern blot analysis was carried out to examine the tissue expression of the various genes (Fig. 4A) . In normal mouse liver, CTE-I was the major transcript with a size of about 1.8 kb. MTE-I was only weakly expressed as a transcript of 2.6 kb. Clofibrate treatment increased both transcripts very strongly in liver. CTE-I was the major transcript also in kidney, lung, testis, and brain, expressed at detectable levels in heart, adrenal gland, spleen, intestine, and brown and white adipose tissue and was weakly expressed in muscle. MTE-I showed a rather different tissue expression, being strongly expressed in brown and white adipose tissue, muscle, heart, kidney, lung, adrenal gland, and spleen but was only weakly expressed in intestine and barely detectable in testis and brain.
PTE-Ia was expressed as a 3.1-kb transcript at similar levels in all tissues examined, except in liver where it was only weakly expressed. Clofibrate treatment induced the expression of two further PTE-Ia transcripts of 2.2 and 2.8 kb in the liver. PTE-Ib was expressed as three major transcripts of 1.9, 2.6, and 6 kb in liver, kidney, intestine, adrenal gland, and white and brown adipose tissue, but was not detected in other tissues investigated. All three transcripts were strongly elevated in the liver in response to clofibrate treatment.
Regulation of Expression of the Various Type I Acyl-CoA Thioesterase Genes by Fasting-Investigation into the regulation of these acyl-CoA thioesterases during physiological conditions such as fasting was carried out, with a view to elucidating possible involvement of these enzymes in lipid metabolism. Previous data showed that both CTE-I and MTE-I were highly induced by fasting conditions (9) . Northern blot analysis showed that all four thioesterases were induced at mRNA level by fasting, with CTE-I and MTE-I more strongly induced compared with PTE-Ia and PTE-Ib (Fig. 4B) . Notably, the same transcripts of PTE-Ia and PTE-Ib were induced during fasting as with clofibrate treatment.
Characterization of PTE-I Genes-Since both PTE-I cDNA probes hybridized to multiple mRNA transcripts, Southern blot analysis on digested mouse genomic DNA was carried out to identify the number of genes for each of these peroxisomal thioesterases (Fig. 5A) . The PTE-Ia probe hybridized to a single , and PTE-Ia and PTE-Ib (peroxisomal) amino acid sequences was performed using the Clustal X method. The individual exon boundaries are indicated with a thick black line. The active site serine, conserved in a (Gly-X-Ser-X-Gly) motif, the histidine, and aspartic acid residues of the catalytic triad are all indicated with closed triangles.
band of approximately 9 kb, indicating that the PTE-Ia is a single gene in mouse. In addition RT-PCR on RNA isolated from control and clofibrate-treated mouse liver, using PTE-Ia probe specific primers, amplified only a single band of the correct size (data not shown). RT-PCR using primers to amplify the open reading frame gave only one band of the correct size. Therefore, the multiple transcripts detected by Northern blot analysis could be accounted for either by alternative splicing outside the open reading frame or the existence of several poly(A) signals.
The PTE-Ib probe hybridized strongly to one fragment of genomic DNA (approximately 2.5 kb), with a second weaker band (of 6 kb) also detectable. Similar to PTE-Ia, RT-PCR using probe specific primers amplified only a single band of the correct size (data not shown). Northern blot analysis was carried out using a full-length cDNA probe for CTE-I. Blots were stripped and rehybridized with cDNA probes for PTE-Ia and PTE-Ib as described under "Materials and Methods." A, expression of the acyl-CoA thioesterases in various tissues. The CTE-I full-length cDNA probe also hybridized to the MTE-I transcript at 2.6 kb. CTE-I is expressed as a 1.8-kb transcript mainly in kidney, heart, lung, spleen, and adrenal gland. MTE-I is expressed in heart, kidney, brown adipose tissue (BAT), white adipose tissue (WAT), adrenal gland, and muscle. PTE-Ia shows a ubiquitous expression, while PTE-Ib is detectable as three transcripts of 1.9, 2.6, and 6 kb, mainly in liver and kidney. All of the thioesterases were inducible at mRNA level in liver by clofibrate (Clo) treatment for 1 week. B, fasting for 24 h caused an induction of all thioesterases at mRNA level in liver. EtBr staining of gels is shown, with the 28 and 18 S bands, to verify even loading of RNA. Each experiment was repeated twice.
is absent in the area covered by the PTE-Ib probe. A search in the mouse EST data base has identified a clone highly similar to PTE-Ib, which may account for the second band detected.
Identification of Acyl-CoA Thioesterase Gene Clusters-Linkage mapping had previously located a novel gene on chromosome 12 in mouse liver, which we later identified as CTE-I (9, 24). Several lines of investigation suggested that the mouse acyl-CoA thioesterases may be located within a gene cluster on this chromosome. Analysis of human acyl-CoA thioesterases also revealed that the corresponding genes are located within a narrow region of the genome on chromosome 14 (see below). Southern blot analysis was carried out on the P1 clone containing the entire CTE-I gene as described, to examine for the presence of other mouse acyl-CoA thioesterase genes within this clone. Probes for MTE-I, PTE-Ia, and PTE-Ib showed that this P1 clone was also positive for these thioesterase genes (Fig.  5B) . A CTE-I probe (prepared in the promotor region of the CTE-I gene) hybridized to one band of approximately 14 kb, whereas the MTE-I, PTE-Ia, and PTE-Ib probes hybridized to several bands in each case, albeit with a different pattern. The data suggest that all four mouse acyl-CoA thioesterase genes are located in a narrow region of DNA, but it would appear that there may be areas of homologous non-coding sequences for each of the genes at various intervals along the DNA, which would account for the pattern of bands obtained in Southern blot analysis. Sequencing analysis with specific primers for MTE-I confirmed the presence of this gene in the CTE-I P1 clone (data not shown).
Promotor Cloning and Characterization-The regulation of expression of all four genes by clofibrate and fasting suggests an involvement of these genes in lipid metabolism. It has been shown that several peroxisome proliferator-regulated genes contain response elements in the 5Ј-flanking region that bind the PPAR␣, in a complex with retinoid X receptor. These response elements (PPREs) consist of a direct repeat of the consensus sequence AGGTCA, spaced by one nucleotide (a DR1 element). To further characterize the possible involvement of the PPAR␣ in the regulation of these genes, the CTE-I gene was sequenced upstream in the 5Ј-flanking region. The CTE-I transcription start site is considered to be about 9 nucleotides upstream of the ATG start codon. This assumption is based on the very similar flanking sequences obtained from cloning of rat and mouse CTE-I cDNA (only 8 and 9 nucleotides, respectively), and with the size of the expressed message of approximately 1.8 kb, it is very likely that the cDNA sequence covers most of the mRNA. The CTE-I gene was sequenced 2.4 kb upstream of the translation start site (Fig. 6 ) and analyzed by the TESS string-based search program (26) for putative transcription factor binding sites. No TATA box was identified, but putative binding sites for C/EBP␣ (25 bp upstream of the ATGstart site) and Sp1 (63 bp upstream of the ATG-start site) were identified, the latter of which was shown to be a transcriptional activator in the promoter of, e.g., the human medium chain acyl-CoA dehydrogenase gene (25) . A putative PPRE, consisting of AGGTCA T ATATCT was found at Ϫ1949.
Expression of Functional CTE-I Promotor-To determine whether the putative CTE-I promotor was functional, a 2.4-kb fragment (ϩ57 bp to Ϫ2378 bp) was amplified by PCR, cloned into the pGL3 Basic luciferase vector, and transfected into HepG2 cells. This reporter gene construct showed a promotor (luciferase) activity 130-fold higher than the vector alone (data not shown). However, co-transfection with the PPAR␣, followed FIG. 5 . Analysis of genomic DNA and P1 phage DNA. A, Southern blot analysis was carried out on 10 g of mouse genomic DNA digested with EcoRI, using probes for PTE-Ia and PTE-Ib. PTE-Ia showed a single band of 9 kb, while the PTE-Ib probe hybridized strongly to one band of 2.5 kb, with a weaker band also detected at 6 kb. B, Southern blot analysis was carried out on 1 g of P1 phage DNA containing the entire CTE-I gene, digested with XhoI and BglI. Probes for MTE-I, PTE-Ia, and PTE-Ib hybridized to bands of various sizes, indicating the presence of all four genes within a narrow cluster. The CTE-I probe used was located in the promotor region of this gene and the probes for MTE-I, PTE-Ia, and PTE-Ib were as described under "Materials and Methods." by treatment of the cells with the peroxisome proliferators clofibrate or Wy 14,643, did not increase the reporter gene activity further, suggesting that the putative PPRE identified by sequence analysis may not be functional. Another explanation is that the promotor construct lacks a silencing element, which may be located further upstream, and therefore results in a very high basal promotor activity, which was not further increased by the PPAR␣ activation.
Identification of Related Gene Families in C. elegans and Human-Previously, searches in data bases using type I thioesterase sequences as queries, identified only a bile-acid conjugating enzyme, bile acid-CoA; amino acid N-acyltransferase (BAT), with significant sequence similarity (40 -45%) at amino acid level (8, 9) . Recently, sequencing of the C. elegans genome was completed and searches in the Wormpep data base identified four genes that showed 26 -30% sequence identity to the mouse CTE-I (Fig. 7) . A close structural relationship of the C. elegans enzymes to the type I thioesterases is supported by the sequence similarity of all four C. elegans enzymes to CTE-I, which is evident along the entire sequences, with no regions being particularly conserved. In addition, the three active site amino acid residues His-Ser-Asp, which are present in ␣/␤ hydrolases, are conserved throughout the C. elegans and mouse enzymes (at positions 358, 232, and 324, respectively, relative to CTE-I). Notably, all four C. elegans putative thioesterase sequences end with variants of the type 1 peroxisomal targeting sequence Ser-Lys-Leu. The C. elegans COOH-terminal sequences end Ser-Arg-Leu (-SRL), Ala-Lys-Leu (-AKL), Cys-LysLeu (-CKL), and Ser-Lys-Leu (-SKL), respectively. Thus, all four gene products are likely to be targeted to peroxisomes.
A BLAST search of the High Throughput Genomic Sequences data base using the CTE-I sequence as search template generated several highly significant hits. All these hits were found in one data base entry (accession no. AC005225). This entry contains 166,001 bp from human chromosome 14. Analysis of this sequence with GeneQuest (DNAStar Inc.) revealed four genes, hCTE-Ia, hCTE-Ib, hMTE-I, and hPTE-I, which were named and tentatively classified based on the presence of subcellular targeting signals. The sizes of these genes ranged from approximately 3 kb for hPTE-I to 7 kb for hCTE-Ib, and all contained three exons, consistent with the gene structure of the mouse type I genes. Sequence comparison of the human and mouse genes showed that hCTE-Ia and hMTE-I are very similar to mCTE-I and mMTE-I (Table II) . It is also evident that hPTE-I and mPTE-Ib are apparently closely related. In contrast, hCTE-Ib shows no apparent relationship to any particular mouse gene. Since the nucleotides in AC005225 are referred to as "phase I high throughput genome sequence," it is still impossible to determine the relative gene order and to perform a qualitative promoter analysis. It is concluded that four members of this novel gene family are located within 166 kb between the microsatellite markers D14S1028 and D14S71. In order to estimate the expression of the corresponding gene products, we searched the human EST data base with search templates that corresponded to the 23 most COOH-terminal amino acids of each gene. This approach distinguished among hPTE-I, hCTE-Ib, and hCTE-Ia/hMTE-I. For hCTE-Ia/hMTE-I, 31 exact hits were found. PTE-I resulted in seven hits and CTE-Ib in only one hit (in testis). These EST sequences belong to the Uni-gene cluster Hs.75437. Sequence alignment of mouse and C. elegans acyl-CoA thioesterase genes and mouse BAT gene. Alignment of mouse CTE-I, mouse BAT, and the four C. elegans thioesterase (K05B2.4, T05E7.1, C31H5.6, and W03D8.8) amino acid sequences was performed using the Clustal X method. Conserved amino acids are highlighted. The amino acids of the catalytic triad (serine, histidine, and aspartic acid) are conserved in all cases, with the exception of BAT, where the serine is replaced by a cysteine and these are indicated with closed triangles.
DISCUSSION
Cloning and Structural Organization of the Mouse Type I
Acyl-CoA Thioesterase Gene Family-Despite a wide distribution of acyl-CoA thioesterase activity, only little is known about the functions of these enzymes. Based on previous findings demonstrating a multiple subcellular distribution of the activity and the profound regulation of the activity in liver of rodents after fasting or feeding peroxisome proliferators, acylCoA thioesterases are considered to have important functions in lipid metabolism. We initially purified a 45-kDa isoenzyme from isolated mitochondria, which showed immunological cross-reactivity to proteins in cytosol and peroxisomes, being indicative of the existence of a multi-gene family of structurally related proteins (6, 7) . To gain further insight into this putative gene family, we have now cloned four acyl-CoA thioesterase genes from mouse. The gene cloning was complicated by the large number of positive clones obtained in the initial screening of a mouse genomic DNA library, using a partial CTE-I cDNA probe. Based on the high degree of sequence conservation within the first and second exons of these thioesterases, it was likely that the initial screening isolated a number of related genes. Cloning of the MTE-I gene and two genes encoding putative peroxisomal thioesterases PTE-Ia and -Ib was therefore performed by rescreening a mini-library consisting of all positive clones isolated during the initial screening for CTE-I. All four genes show a very conserved structural organization, where the open reading frames are contained within 3 exons. A similar structural organization of the corresponding rat CTE-I gene was recently reported (10) . The cDNA sequences of mouse and rat CTE-I indicated the presence of only 8 -9 bp of 5Ј-untranslated region and the size of the cDNA correlated with the size of the mRNA detected by Northern blotting, indicating that the CTE-I gene contains no additional exon in the 5Ј-end. This was further substantiated by functional expression in Escherichia coli (9) and by showing promotor activity in the 5Ј-flanking region of the CTE-I gene fused to a luciferase reporter gene, demonstrating the functionality of this gene.
Using site-directed mutagenesis, we recently identified these acyl-CoA thioesterases to be serine-histidine-aspartic acid catalytic triad-containing ␣/␤ hydrolases. 2 The amino acids of the catalytic triad are all conserved and located within the third exon, despite the fact that this exon shows the lowest sequence conservation. Sequence comparisons in data bases identified only BAT, the bile acid-conjugating enzyme, with significant sequence similarity to the mouse thioesterases. Interestingly, the BAT enzyme apparently contains a similar catalytic triad except that the serine is replaced by a cysteine which may be related to the transferase activity of the BAT enzyme. The identification of the four putative acyl-CoA thioesterase genes in C. elegans is based on the conservation of the serine-histidine-aspartic acid catalytic triad and the overall sequence similarity, which is found throughout the C. elegans enzymes, resulting in similar molecular masses of the proteins. It should be pointed out that the C. elegans protein sequences were generated using a gene prediction program that may not be exact in the prediction of exon/intron boundaries and which could therefore explain the apparent individual inserts/deletions. Thus, based on the general sequence similarity and conservation of the active site amino acids, it is likely that the C. elegans enzymes are distantly related acyl-CoA thioesterases. A multiple alignment of the mouse, human, and C. elegans thioesterase sequences and the known BAT sequences (Clustal X) followed by phylogenetic analysis using the Phylip package is shown in Fig. 8 . This analysis shows the close relationship of mPTE-Ib to hPTE-I, rat to mouse CTE-I, and the homology between human, mouse, and rat MTE-I, suggesting three major lines of evolution. Comparison of the carboxyl-terminal ends of all type I thioesterase and BAT sequences reveals a striking similarity to PTS1; all C. elegans enzymes conform to the consensus -SKL with allowed substitutions. A number of conserved changes can be made to this tripeptide without abolishing targeting to peroxisomes and a consensus sequence consisting of (S/C/A)-(K/H/R)-L was defined (27) . The carboxylterminal ends of the cytosolic and mitochondrial thioesterases, excluding the rat MTE-I, resemble non-conserved single amino acid substitutions that abolish targeting to peroxisomes. A single base substitution in the DNA encoding the carboxylterminal amino acid of CTE-I (-PKI) would result in a tripeptide of PKL, thus targeting the protein to peroxisomes. Taken together, the fact that all C. elegans and BAT enzymes, and several of the mouse and human thioesterases are apparently peroxisomal, it can be speculated that the ancestral thioesterase gene(s) is/are of peroxisomal origin and that during evolution some genes have lost the peroxisomal targeting signals by single point mutations. Mitochondrial targeting may have occurred during evolution by acquisition of amino-terminal signals. The high degree of sequence similarity between the CTE-I(a) and MTE-I genes suggests that they diverged relatively recently by gene duplication, possibly by duplication of an MTE gene with loss of the 5Ј-end encoding the mitochondrial targeting signal, resulting in a cytosolic localization.
Physiological Functions of the Acyl-CoA Thioesterase Genes-All four mouse genes show a profound difference in tissue expression, indicative of different functions for these enzymes. MTE-I is highly expressed in tissues with high ␤-oxidation activity, such as brown adipose tissue, heart, kidney, muscle, and in liver after treatment of mice with peroxisome proliferators. Purified MTE-I preferentially hydrolyzes long and very long chain acyl-CoA esters, and it has been speculated that this enzyme is involved in regulation of ␤-oxidation in mitochondria (7) . During fasting and after treatment of mice with peroxisome proliferators, the mitochondrial ␤-oxidation system is likely to become saturated with high intramitochondrial concentrations of acyl-CoA. Under these conditions carnitine palmitoyltransferase II (located at the matrix side in mitochondria) may generate acyl-carnitine esters, which are strong surfactants that could be potentially harmful (for re- FIG. 8 . Phylogenetic tree of acyl-CoA thioesterase and BAT proteins. Multiple alignments of human, mouse, and C. elegans thioesterase sequences and BAT sequences were performed using Clustal X, followed by phylogenetic analysis using the Phylip package. The phylogenetic analysis shows the close relationship of mPTE-Ib to hPTE-I, the rat to mouse CTE-I, and the homology between human, mouse, and rat MTE-I, suggesting three major lines of evolution. A close relationship is also evident for the human, mouse, and rat BAT enzymes and for the four C. elegans thioesterases (K05B2.4, T05E7.1, C31H5.6, and W03D8.8).
view, see Ref. 28 ). Due to a high degree of sequestration of CoA into long chain acyl-CoA, CoA is likely to become limiting for the citric acid cycle (29) . Thus, an intramitochondrial acyl-CoA thioesterase may facilitate ␤-oxidation by providing CoA for the thiolase reaction and for subsequent oxidation of acetyl-CoA in the citric acid cycle.
Recently, a protein apparently involved in regulation of steroid synthesis was purified from rat adrenal gland, cloned, and found to be identical to MTE-I (30, 31) . Expression of the mRNA was shown to be rapidly decreased in adrenal gland by inhibition of adrenocorticotropin hormone using dexamethasone, and rapidly increased in the adrenal glands by treatment with adrenocorticotropin hormone. It therefore appears that MTE-I may have an important function in regulation of steroidogenesis by maintaining arachidonic acid to sustain the stimulation via activation of arachidonic acid release.
The two PTE-I genes show a striking difference in tissue expression. PTE-Ia is expressed in all tissues investigated but with low expression in liver and heart. The function of this thioesterase is unclear, but it may, similar to MTE-I in mitochondria, have a function in peroxisomes to provide CoA for the thiolase reaction. An almost ubiquitous expression is in line with the presence of peroxisomal ␤-oxidation of straight chain fatty acids in all tissues examined so far. Peroxisomal acyl-CoA thioesterase activity has been characterized in, e.g., liver and brown adipose tissue and a long chain acyl-CoA thioesterase activity (being maximally active with myristoyl-CoA) was shown to be increased in liver peroxisomes after treatment of rats with peroxisome proliferators (32, 33) . Thus, the inducible peroxisomal long chain acyl-CoA thioesterase activity may be due to PTE-Ia, which is increased at the mRNA level in liver by clofibrate treatment or fasting. Mutation of a yeast peroxisomal enzyme, which is highly similar to the human HIV Nef-associated thioesterase, resulted in impaired growth on fatty acids (34) . Although thioesterase activity has not been considered as an important feature of peroxisomal ␤-oxidation, it appears that efficient ␤-oxidation in this organelle requires the ability to closely regulate the intraperoxisomal CoA levels. PTE-Ib is expressed mainly in liver and kidney, with only weak expression in adrenal gland, intestine, and white and brown adipose tissue. No expression was detected in heart, lung, testis, spleen, brain, or muscle. The BAT enzyme is also expressed mainly in liver and kidney, suggesting that bile acid formation occurs in these two tissues (35) . Bile acids are formed by ␤-oxidation of cholesterol, followed by conjugation to amino acids in peroxisomes (36) . It has previously been demonstrated that clofibrate treatment of rats results in decreased fecal bile acid output (37), suggesting decreased bile acid formation. However, clofibrate treatment does not affect the activity of 7␣-hydroxylase, the rate-limiting enzyme in bile acid formation (38) . It is therefore possible that increased hydrolysis of CoA esters of bile acid intermediates by a thioesterase will decrease cholesterol degradation to bile acids by removing intermediates from the biliary pathway. Hydrolysis of bile acid-CoA occurs in isolated peroxisomes, although at a low rate compared with the conjugation reaction when measured in vitro (39) . As both PTE-Ia and -Ib are elevated at the mRNA level by clofibrate treatment, but myristoyl-CoA hydrolyzing activity is only marginally increased, it is likely that the inducible genes encode enzymes with different specificities. Thus, it is possible that PTE-Ib may be involved in regulation of bile acid formation by hydrolysis of intermediates.
CTE-I is strongly expressed in liver, heart, and kidney, tissues that are responsive to metabolic activation by fasting. Fasting or treatment of mice with peroxisome proliferators increased mRNA levels of all four acyl-CoA thioesterase genes, suggesting an involvement of the PPAR␣ in the regulation of these genes. The importance of the PPAR␣ for the hypolipidemic effects of peroxisome proliferators and increased lipid catabolism was demonstrated by targeted gene disruption of the PPAR␣ gene, which completely abolished hepatomegaly, peroxisome proliferation, and changes in expression of peroxisome proliferator-regulated genes, and led to lipid accumulation (20, 40 -42) . It was recently demonstrated that fasting and diabetes regulate the expression of CYP4A, peroxisomal multifunctional enzyme type I (BIEN), and peroxisomal acyl-CoA oxidase (ACOX) in a PPAR␣-dependent manner (43) . In this study we show that all four thioesterase genes are up-regulated by fasting or treatment of mice with peroxisome proliferators. These effects are abolished in PPAR␣-null mice, except for a partially PPAR␣-independent up-regulation of CTE-I by fasting, clearly establishing the involvement of this nuclear receptor in the regulation of these genes. 3 The partially PPAR␣-independent regulation of CTE-I is intriguing and supports a possible role for this thioesterase in ligand supply for the PPAR␣, which can mediate up-regulation of PPAR␣-regulated genes during fasting. Although peroxisome proliferators are potent activators of the PPAR␣, fatty acids were recently shown to be the likely endogenous ligands for this receptor (22, 23) . Under conditions of fasting and diabetes, there is an increased uptake of free fatty acids into, e.g., liver, kidney, and heart, which are rapidly esterified to CoA. Acyl-CoA thioesters were recently shown to act as ligands for HNF-4␣ with increased transcriptional activity of a reporter gene (3) . Fasting may therefore lead to increased competition between these two pathways, and activation of CTE-I can play an important role in channeling acyl-CoA toward free fatty acids, resulting in less esterification of fatty acids into triglycerides and phospholipids, less transcriptional activity of HNF-4␣, and increased PPAR␣ activation and thereby increased oxidation. The different subcellular localizations of the members of this acyl-CoA thioesterase gene family suggest that these enzymes have different functions in vivo. The experimental evidence to conclusively establish the functions of these acyl-CoA thioesterases must, however, await the targeted disruptions of the members of this gene family, work that is ongoing in our laboratory.
The fact that these genes are located in a cluster on chromosome 12 in mouse, together with the co-ordinate regulation of this family of thioesterases by clofibrate treatment or fasting conditions, suggests an evolutionary importance of the localization of these genes, and it may be that they share regulatory elements. Positional analysis of the genes in the cluster will provide information on promotor transcription units. The existence of a similar gene cluster of acyl-CoA thioesterases on human chromosome 14 reinforces the importance of the existence of these genes within a narrow region of DNA. These genes have probably evolved by gene duplication from a peroxisomal ancestor, and the tissue expression and regulation of these enzymes strongly suggest important and distinct roles in lipid metabolism.
